INTRODUCTION
Pineapple (Ananas comosus L. var. comosus Merril) is considered one of the most important tropical fruits worldwide. It is increasingly in demand and is of economic importance for the national fruit-producing market in Brazil. However, Lacerda et al. [1] emphasize that the pineapple crop is constantly under threat from phytosanitary issues.
The pink pineapple mealybug (PPM), Dysmicoccus brevipes (Cockerell) (Hemiptera: Pseudococcidae) is considered the crop's main pest, because as well as causing damage by feeding on the plant, it is also ORIGINAL ARTICLE
MATERIAL AND METHODS

Rearing pink pineapple mealybug
The rearing and maintenance of D. brevipes was carried out in a hybrid squash named 'Tetsukabuto' (Cucurbita maxima X Cucurbita moschata). The squashes were inoculated with adult females obtained from infested pineapple plants in commercial plantations in the municipality of São Francisco do Itabapoana, Rio de Janeiro state, Brazil. Before inoculation, the squashes were immersed in an aqueous solution of sodium hypochlorite at 0.5% for 15 minutes, and washed in running water. After inoculation, the squashes were kept in a climate-controlled chamber at 25 ± 2 °C, RH> 60 ± 10% and photophase of 12 hours.
Multiplication of entomopathogenic nematodes
The EPNs used in the tests are in Table 1 . All nematodes were multiplied in the last instar of Galleria mellonella L. (Lepidoptera: Pyralidae) larvae. Groups of five G. mellonela larvae with an average weight of 250 mg were placed in 9-cm diameter Petri dishes lined with two sheets of filter paper (Whatman No. 1), and 100 IJs/mL of distilled water, sealed and placed in a climate-controlled chamber at 27 ± 1 °C and RH> 80 ± 10% in the dark for 48 hours. Dead larvae were transferred to modified White traps [14] and placed in a climate-controlled chamber under the same conditions as described above. After 11 to 12 days, when the first IJs began to emerge from G. mellonella cadavers, they were collected on alternate days using Pasteur pipettes, kept in cell culture bottles (40 mL) and stored in a climate-controlled chamber at 16 ± 1 °C and RH> 80 ± 10% for up to one week before being used in the assays. 
Virulence of entomopathogenic nematodes at different temperatures
To evaluate the virulence, different strains (Table 1) at three different temperatures were used in an experimental 3 × 9 factorial research design to a total of 27 treatments with 10 repetitions each. Each repetition was made up of a 145 mL-plastic container with a lid, containing 15 g of autoclaved sand and dampened with distilled water at 10% p/v, forming an experimental arena of 28.26 cm 2 . Ten PPM adult females were transferred to these containers. The inoculation was carried out by applying 1 mL of aqueous suspension containing 1,000 IJs/arena or 35 IJ/cm 2 . To the control treatment was added 1 mL of distilled water without nematodes. After inoculation, a fragment (ca. 5 mg) from the pineapple leaf sheath was placed in each container, to serve as a feeding substrate for the insects. The containers were maintained at a temperature of 16, 25 or 34 ± 2 °C, RH= 60 ± 10% and photophase of 12 hours.
The virulence was evaluated by counting the number of dead insects, from 1 to 7 days after infection (DAI). The pathogenicity of the EPNs was expressed; a) by the percentage mortality of the PPMs at 7 DAI and b) by the accumulated percentage mortality of the PPMs throughout the evaluation periods (1 st to 7 th DAI). Dead insects were considered to be those without movement and that presented brown coloring, later changing to dark gray, regardless of strain used. The cause of death was confirmed by dissection and observation under a stereoscopic microscope of nematodes inside the insects.
After being submitted to the Lilliefors test of normality and Cochran & Bartlett's homoscedasticity test, the data were transformed by 0.5 x + and submitted to two-way analysis of variance (ANOVA) (P≤0.05). To compare the mortality caused by different EPNs at the 7 th DAI, at the various temperatures, the Tukey test was used (P≤0.05). The correlation between accumulated mortality of PPMs and the period of evaluation, for the most pathogenic EPNs, was submitted to regression analysis. For these analyses, the System for Statistical and Genetic Analysis (SAEG) program was used [15] . This experiment was repeated on a different test date, with fresh nematodes of each strain.
Progeny quantification under different temperatures
Adult females were individually exposed to IJs in multi-well bioassay plates (24 wells, flat bottom, Nunc™ Cat. No. 144530). Ten wells were used for each treatment (repetitions). The treatments were the same as those described in the previous experiment. Each well was lined with a circular paper disc (15-mm diameter) before PPMs were added. Mealybugs were evenly distributed on the plates (to avoid the effect of corner and middle wells) and then inoculated individually with 0.2 mL of aqueous solution containing 100 IJs of each nematode strain. After that, the plates were covered with a lid and transferred to a climate-controlled chamber at 16, 25 and 34 ± 2 °C, RH= 60 ± 10% in the dark.
One week after the death of the PPMs, or about two weeks after infection, the cadavers were individually transferred to White traps adapted to mealybugs. Plates for cell culture were used in setting up these traps. Each well contained a polyethylene ring that was 10 mm high and a piece of filter paper (5 mm × 25 mm), on which was placed a dead mealybug. After that, 1 mL of distilled water was added to each well, and this water was collected in a cell culture bottle as the IJs emerged, with the water then being replaced. To certify that the EPNs used in the inoculations presented viability, progeny tests were carried out in parallel, using larvae of G. mellonela, in the same conditions as in the test with PPMs. Larvae, with a mass of approximately 300 mg, were deposited individually on filter paper in polyethylene culture plates 60 mm in diameter and 15 mm high. Next, 0.7 mL of aqueous suspension containing 100 IJs was applied on the paper, and 10 repetitions (plates) were carried out for each EPN. Seven days after the death of the larvae, the cadavers were individually placed in modified White traps. The IJs were collected every 24 hours and placed in cell culture bottles of 500 mL.
The plates containing modified White traps with dead mealybugs and larvae were maintained in their respective conditions of infection (16, 25 or 34 °C, relative humidity of 60 ± 10% and absence of light), for two weeks. At the end of this period, the IJs obtained from the female PPMs and the larvae of G. mellonella were counted by the volumetric method in Peters chambers, using a Tecnival stereomicroscope, estimating the mean progeny of each EPN strain. This experiment was repeated on a different test date, with fresh nematodes of each strain.
Lethal concentration, LC 50 , of the most virulent strains
The strains that caused the greatest mortality to the PPMs were inoculated in adult females to determine the LC 50 . The experimental design was completely randomized, with 32 treatments and 10 repetitions each. The treatments were represented by the inoculation of the strains Heterorhabditidis indica Poinar 2, 4, 9, 18, 27, 35, 53 or 71 IJs/cm 2 . Each repetition was made up of a 145 mL-plastic container with a lid, containing 15 g of autoclaved sand and dampened with distilled water at 10% p/v, forming an experimental arena of 28.26 cm 2 . Ten female mealybugs were transferred to these containers. The inoculation was carried out by adding the IJs to 1 mL of distilled water, so that in the control only 1 mL of distilled water was added. At the end of the inoculation, a fragment (c.a. 5 mg) from the pineapple leaf sheath was added to each container to provide a feeding substrate for the insects. The containers were kept in a climate-controlled chamber at 25 ± 2 °C, RH= 60 ± 10% and photophase of 12 hours.
The evaluation was carried out by counting the number of dead insects at the 3 rd DAI, corresponding to the day on which the greatest mortality occurred in the experiment to evaluate pathogenicity. The cause of death was confirmed by dissection and observation under a Tecnival stereomicroscope of the EPNs present inside the insects. The LC 50 for the different EPNs was obtained by Probit analysis in function of the percentage mortality of the PPMs, using for this analysis the System for Statistical and Genetic Analysis (SAEG) program [15] . This experiment was repeated on a different test date, with fresh nematodes of each strain.
RESULTS AND DISCUSSION
Pathogenicity of entomopathogenic nematodes against the pink pineapple mealybug under different temperatures
The dead insects infected by all strains were identified by brown coloration, changing later to dark gray and by the presence of nematodes inside them. The two-way analysis of variance of the data on mortality revealed a significant effect (P≤ 0.05) for the different strains and for the three temperatures tested in both assays. Since the results were similar, we combined Assay 1 and 2 and compared the means with Tukey´s test (F= 101.1; df= 26, 539; P≤ 0.05) ( [17] . According to Molyneux [18] , low http://dx.doi.org/10.4322/nematoda.07015 Entomopathogenic nematodes for the control of Dysmicoccus brevipes temperatures can reduce the movement of the EPNs and, consequently, their capacity to infect, which may justify the lower pathogenicity seen in this study at 16 °C. On the other hand, Kaya [19] suggested that high temperatures may intensify the movement of some strains of EPNs, leading to greater energy expenditure, which may result in lower pathogenicity, as was observed at the temperature of 34 °C.
The EPNs move based on chemical gradients and the heat liberated by the insect [20, 21] . In this context, Gouge et al. [22] emphasize that the insect's behavioral changes provoked by an alteration in temperature, as reported by Reinhardt et al. [23] . However, the last two strains are indigenous and should be avoided.
On assessing the interaction between the evaluation period and the pathogenicity of the strains H. indica LPP30, H. indica LPP22, H. baujardi LPP35 and H. mexicana Hmex at 16, 25 and 34 °C, by means of regression, it was possible to observe significance for the majority of strains, when data were adjusted for second-order polynomial regression (Figure 1 ). The strains tested presented differences in aggressiveness (here defined as the "speed" of reaching septicemia and death among PPMs).
Heterorhabditidae were more virulent and caused greater mortality from the 2 nd DAI. Studies with mealybugs have already indicated greater virulence in Heterorhabditidae than in Steinernematidae [6, 7, 8, 10] . However, studies evaluating the virulence of EPN strains, specifically for D. texensis, revealed greater virulence in Steinernema sp. [5] .
The fact that EPNs with cruiser strategy, as is the case of strains H. indica LPP30, H. indica LPP22,
H. baujardi LPP35 and H. mexicana Hmex, presented greater mortality for PPMs and, in contrast,
that Steinernema carpocapsae (Weiser) All, an ambusher nematode, presented the lowest mortality rates, suggests that cruiser strains have more potential for controlling adult female PPMs in the field. This can be seen in a similar way in studies by Lewis et al. [24] and Alves & Moino [25] in relation to other hosts within cryptic habits.
Another factor that may have favored heterorhabdit strains is the chitinous projection in the cephalic region that IJs have, also called "tooth", which allows them to perforate the insect's cuticle. According to Stuart et al. [10] , Steinernematidae may have greater difficulty in penetrating natural openings (mouth and anus) of small insects, which is the case with PPMs, but IJs from Heterorhabditis spp. overcome this limitation by penetrating the cuticle with the aid of their chitinous projection, or "tooth". 
Progeny quantification under different temperatures
Temperatures of 16 and 34 °C had a negative influence on the prolificacy of EPNs, as progeny were only recovered from the PPMs at 25 °C. In contrast, progenies in G. mellonella were recovered at both 16 and 25 °C (Table 3) . For both nematodes, the IJs started leaving the insect cadavers within 3-4 days after infection. Although the Heterorhabditidae strains infected PPMs and caused mortality at 16 and 34 °C, they did not multiply under these conditions, because infection by nematodes occurs under a broader temperature range, unlike their reproduction and development [22] . Molyneux [18] and Grewal et al. [26] emphasize that temperature affects both production and emergence of IJs and that optimum temperatures vary from 18 to 28 °C. Del Valle et al. [27] verified that increases in temperature cause a drop in the production of IJs of H. baujardi LPP7 in G. mellonella and that temperatures over 30 °C prevent progeny. However, other factors apart from temperature, such as the species of EPN, the mass and species of the host and the quantity of inoculum used, compromise the production of IJs [28, 29] , which may have negatively affected the production of IJs of Steinernema feltiae (Filipjev) Sn, and S. carpocapsae All strains in the current study. Studying the progeny of three EPN species in four distinct hosts and at different temperatures, Gouge et al. [22] observed that it was not only the temperature that had an effect on the production of IJs, but that under the same test conditions the progeny also varies considerably in function of the species of nematode and of host. Same observed Bastidas et al. [29] while working with four Steinernema species. They mentioned that invasion decreased as insect size decreased and as nematode species size increased. Adams & Nguyen [30] affirmed that the production of EPNs depends on the quantity of host food reserves. Fuga et al. [31] also stressed that if the food supply is limited, the eggs produced by the first generation of females develop directly into IJs, leading to fewer progeny. In this context, other authors report that the production of IJs is directly proportional to the size of the host and food offering [32, 33] . Studies carried out by Flanders et al. [34] and Dias et al. [35] demonstrated that in G. mellonella, the mass of the larvae influences the production of IJs, and the highest production is obtained from larger larvae, with a mass of 200 to 400 mg. Nevertheless, Hatab & Gaugler [36] and Wright & Perry [37] emphasize that not only the quantity but also the quality of lipids present in the diet of EPNs affects the production, viability and infectivity of the IJs. Moreover, steinermatids need male and female in the first generation in oppose to heterorhabtidis that only need hermaphrodites to produce eggs [30] , which might explain the absence of progeny of S. rarum (Doucet) Mamiya SJH in PPM. In the present work, the progeny of different EPN strains in PPM (± 1 mg) and in G. mellonela larvae (± 300 mg) presented variation, and the highest production was obtained in the second. The reduced size of the mealybugs may have limited the development of the nematodes due to greater intraspecific competition.
Although the production of IJs was influenced by temperature conditions, by the size of the host and by the different EPN species, obtaining progeny in PPMs brings to the fore the possibility of efficient use of EPNs in the control of this pest. By using EPNs that complete their cycle, with progeny that return to the soil, it is expected that there will be EPNs recycling in the environment, leading to maintenance and persistence of EPNs in the soil. This will mean that the number of EPN applications in the field may be reduced, leading thus to lower expenditure. We must point out that H. indica LPP30 produced the highest absolute values of progenies in PPM adult females and in G. mellonella larvae. (Table 4 ).
According to van Niekerk & Malan [9] , the LC 50 values for H. zealandica Poinar and Steinernema yirgalemense Nguyen, Tesfamariam, Gozel, Gaugler & Adams (11 nematodes per insect) were considerably lower than those which were obtained by Stokwe [38] , who obtained an LC 50 value of 54, which clearly indicated P. citri to be more susceptible to H. zealandica than was P. viburni (Signoret). It was also lower than the value found in this study for H. indica LPP30 and the other strains, meaning that D. brevipes is less susceptible to nematodes than P. citri.
Estimating the concentration of IJs/area, the values obtained were 3, 5, 6 and 10 IJs/cm 2 for the strains H. indica LPP30, H. indica LPP22, H. mexicana Hmex and H. baujardi LPP35, respectively. These concentrations are up to five times lower than the concentrations used by Stuart et al. [10] and Alves et al. [6] with similar mortality of Dysmicoccus spp. This demonstrates the efficiency of strains H. indica LPP30, H. indica LPP22, H. baujardi LPP35 and H. mexicana Hmex in causing mortality to this mealybug.
The nematode H. bacteriophora LPP30 has been assessed against Conotrachelus psidii Marshall (Coleoptera: Curculionidae) on organic and conventional guava cultivation systems, as a potential agent for the control of the pest. In guava orchards, the population fluctuation of the nematode and the occurrence of the pest were evaluated over one year. A reduction in the weevil population was observed, with lower rates of infestation and crop losses [39, 40] .
The use of EPNs tends to be viable when lower concentrations are needed for an efficient control, generating lower final costs for production and application. Therefore, these strains present potential for use in integrated management projects for this mealybug. However, tests in the greenhouse and in the field should be carried out to prove the efficiency of H. indica LPP30 and its effective use, aiming for a new alternative that does not only reduce damage and losses caused by this pest, but also diminishes the environmental, economic and social impacts caused by the indiscriminate use of insecticides.
CONCLUSION
All strains were virulent to adult females of PPM. However, heterorhabditid nematodes were more virulent, causing the highest mortalities and producing the largest progenies. Among them, H. indica LPP30 stood out since it caused the highest mortality at all temperatures tested, produced the largest progeny and had the lowest LC 50 . We believe H. indica LPP30 has great potential for controlling this pest, and this is even more important since it is native to Brazil. 
